Five synthetic combinatorial libraries of 2,080 components each were screened as mixtures for inhibition of DNA binding to two transcription factors. Rapid, solution-phase synthesis coupled to a gel-shift assay led to the identification of two compounds active at a 5-to 10-M concentration level. The likely mode of inhibition is intercalation between DNA base pairs. The efficient deconvolution through sublibrary synthesis augurs well for the use of large mixtures of small, nonpeptide molecules in biological screens.
One of the most rapidly developing areas in the chemical sciences is concerned with molecular diversity. In organic and bioorganic chemistry the activity takes the form of synthetic combinatorial libraries, and current issues deal with solid phase vs. solution methods; massive parallel synthesis of single compounds vs. synthesis of mixtures; the use of rigid core structures vs. flexible linear sequences; devising deconvolution strategies vs. tagging techniques; and generating unbiased molecular landscapes for lead discovery vs. biased structures for lead development. These and other topics are addressed in a commendable review (1) , but the issues that appear to be resolved are the need for automation and utility. Mere synthesis of molecular libraries is not enough; the synthesis must be connected to a selection process. We describe here our recent efforts in the latter context.
Although the majority of chemical diversity studies employ insoluble supports, recent innovations make solution-phase approaches more attractive (2) (3) (4) (5) (6) . In addition, methodology to synthesize (7) and analyze (8) tetraurea-based libraries was recently introduced and permits replacement of the secondary amide (peptide) bond with a more bioavailable functionality (9, 10) . Elaborated herein is a simplified and more general solution-phase route to tetraurea libraries derived from the isolated tetraisocyanate of xanthene. Derivatives that are differentially protected have also been prepared, allowing for synthetic access to individual tetraureas.
The general method for library synthesis is outlined in Fig.  1 . An activated core molecule is condensed with a number of building blocks (11) , resulting in a combinatorial library of covalently linked, core-building block ensembles. The shape and rigidity of the core determines the orientation of the building blocks in shape space. The libraries can be biased by changing the core, linkage, or building blocks to target a characterized biological structure (''focused libraries'') or synthesized with less structural bias using flexible cores. The latter was the case in the situation described herein, because small molecules that inhibit transcription factor-DNA binding are rare (12) . Active components in these mixtures were identified through an iterative synthesis͞screening protocol known as deconvolution.
Rationale. A number of considerations, including synthetic access, versatility (13) , lack of apparent toxicity (14) , and attractive physical properties make the tetra-substituted xanthene ( Fig. 2) a desirable core molecule. In the latter regard, xanthenes have a strong UV chromophore for easy detection and usually are soluble in chlorinated organic solvents but nearly insoluble in hexanes͞ether mixtures. This differential solubility allows for crude purifications following library synthesis using liquid-liquid extractions and, after deprotection, by precipitation from ether͞hexane. Finally, the four sites for reaction on the xanthene core allow a large number of compounds to be formed using only a limited number of building blocks (8 building blocks give 2,080 compounds, whereas 16 building blocks give 32,896 compounds).
For the transcription factor-DNA target, the xanthene tetraureas ( Fig. 2 ) present an electron-rich aromatic scaffold capable of intercalation into DNA (15) and forming -stacks with aromatic side chains of proteins. The thickness of the 9,9-dimethyl center may disfavor some of these binding modes, but the ureas at the 4 and 5 positions provide a cavity (see Figs. 2 and 3) that is known to bind carboxylates strongly (16) . In addition, all four ureas provide numerous hydrogen bonding donor and acceptor sites for molecular recognition. The attached building blocks were also expected to enhance interactions with biological targets, because most were based on biologically relevant amino acids. Molecular modeling calculations (17) were used to minimize a few tetraurea structures and revealed a planar, disc-shaped presentation of the building blocks (see Fig. 2 ). Finally, the use of the urea linkage conformationally limits the building blocks, because rotation about the urea NOC bond and the core-carbonyl bonds at the 4 and 5 positions are restricted. For example, the solution and solid-state structure of a 4,5-diurea xanthene has been determined ( Fig. 3) (18) . These studies showed that the urea NOH groups are directed inward (toward the xanthene oxygen) and create a binding pocket between them. The carbonyl oxygens are directed outward and are available for intermolecular hydrogen bonding. This preorganization reduces the entropic cost of binding to target molecules.
MATERIALS AND METHODS
Synthesis. 9,9-Dimethylxanthene-2,4,5,7-tetraacid chloride 1; 9,9-dimethylxanthene-4,5-diacid chloride 5 and 2,7-dibenzyl-9,9-dimethylxanthene-4,5-diacid chloride dicarboxylate 7 were prepared according to literature procedures (3, 7) . Other experi-mental details are outlined in the Ph.D. thesis of one of the authors (19) .
HPLC. For tetraester tetraureas (before deprotection) a C18 reverse-phase column (Rainin Instruments Microsorb-MV, 4.6 ϫ 250 mm, 5 m, 100 Å) was used for HPLC analysis with a flow rate of 1 ml͞min. A linear gradient of 100% water to 100% MeCN over 30 min with a total run time of 45-50 min was used for most runs. The detection wavelength was 268 nm ( max for the xanthene tetraurea fragment), and the extinction coefficients of the tetraureas were assumed to be equal. After deprotection, a C8 reverse-phase column (Waters Symmetry, 3.9 ϫ 150 mm, 5 m, 100 Å) was used employing similar gradients and a 1 ml͞min flow rate.
Molecular Modeling. All molecular modeling energy minimizations were done with MACROMODEL 5.5 (17) and the MM2* force field, without solvent parameters.
RESULTS
Library Synthesis. The primary synthetic challenge involved finding a reaction path from a functionalized xanthene to the tetraisocyanate with high yield (Ͼ90% overall, Ͼ97% per site). The xanthene tetraamine itself is too unstable to oxidation to manipulate, and after a number of approaches failed, it was found that conversion of the xanthene tetraacid chloride (3) 1 to the tetraacyl azide, followed by heating, effected the Curtius rearrangement to the desired tetraisocyanate (Scheme 1) (20) .
To confirm that this reaction sequence would be compatible with a number of building blocks, we synthesized several tetraureas derived from a single type of building block. These homotetraureas were characterized by NMR and HPLC and were found to be Ն90% pure. Isolated yields were also above 90%.
The tetraurea libraries were then synthesized by reacting the tetraisocyanate core molecule simultaneously with a mixture of amines in a single reaction vessel. Simple liquid-liquid extraction (dichloromethane-1 N citric acid) eliminated excess amines after the reaction, then the libraries were treated with neat trifluoroacetic acid to cleave the acid-labile protecting groups. This deprotection liberates hydrophilic functions and enhances solubility in aqueous solutions for screening. Following deprotection, the libraries could be precipitated upon addition of ether͞hexanes (1:1); filtration allowed for removal of the soluble remnants of the amino acid side-chain protecting groups and isolation of the tetraureas.
Because the xanthene 4 and 5 positions are close in space, steric interactions between a building block attached at one of these positions and a nucleophile attacking at the other could introduce concentration biases during library synthesis. Previously published methods (7) were used to verify that statistical mixtures of compounds were indeed formed in the libraries. Accordingly, we synthesized the 4,5-xanthenediisocyanate (4, via Scheme 2), which was used to synthesize diureas for HPLC and capillary electrophoresis-MS analysis. The results of these diurea studies supported the claims of predictable, approximately statistical product distributions. This diisocyanate 4 proved to be such a versatile intermediate that it was used to synthesize diureas for studies in molecular recognition reported elsewhere (18) .
Synthesis of a Core with Two Addresses. The development of a method for obtaining unsymmetrical tetraureas is shown in Scheme 3. The dibenzylester diacid chloride 5 (3) served as a precursor to a urea-based core structure that distinguished the ''top'' two sites from those at the bottom. The benzyl ester protecting groups are easily removed using hydrogenolysis (21) , a procedure compatible with most peptide protecting groups. The diacid chloride 5 was converted to the diacyl azide using sodium azide in acetone (20) and then heated to give the diisocyanate dibenzyl ester 6. Xanthene 6 could then be reacted with one or more amines, depending on the stage of the deconvolution sequence (Scheme 4). If one (in the case shown, Leu t-butyl ester) or two different amines are condensed with 6, a separation can be performed to give purified diureas (7) . Hydrogenolysis cleaves the benzyl ester groups and gives the diacid diurea 8. Activation of the acid groups as acid chlorides proved, unfortunately, to be incompatible with acid-sensitive functionality on the protected amino acids (i.e., the t-butyl esters) or the urea function itself, for that matter. Instead, the diacid was converted to the mixed anhydride with ethyl chloroformate using triethylamine as the base in acetone (Scheme 4). Without purification, the mixed anhydride was treated with sodium azide to furnish the diacyl azide (22) . Rearrangement was effected by heating the diacyl azide in toluene, and the diisocyanate dileucine diurea 9 was obtained. Then, one (Phe t-butyl ester in the case of 10) or more amines could be reacted with 9 to give the desired tetraurea(s).
Screening. Two dissimilar DNA oligonucleotides were prepared to screen the libraries. The two were derived from naturally occurring target sites for a transcription factor, SpP3A2, a member of a small family of novel transcription factors identified so far in sea urchins, Drosophila, and humans (23) , and for the sea urchin Zn-finger transcription factor SpZ12-1 (24) . A gel-shift assay (25) was used to quantify the apparent inhibition of the transcription factor-DNA binding event (Fig. 4) . During the screening process it evolved that the mechanism of inhibition was non-sequence-specific binding of library components to DNA, because the libraries proved to be active against both DNA-transcription factor complexes at comparable concentrations, despite the entirely unrelated sequences of their respective target sites.
Five libraries, each containing a calculated 2,080 tetraureas, were synthesized according to a previously published procedure (7); the amino acid derivatives used to make these libraries are shown in Table 1 . Of the five libraries screened, only one proved active. Of particular significance was the failure to observe any inhibition by the other, seemingly similar, libraries. The active mixture (library 1) contained the amino acid derivatives Asp (␣) methyl ester; methyl esters of Gly, Lys, Ser, and Tyr; and the free acids Leu, Phe, and Pro, and the level of its activity was sufficiently high that it warranted deconvolution through the synthesis of sublibraries.
For the first round of deconvolution, four sublibraries were synthesized, each missing two out of the eight building blocks listed above. Each of these four sublibraries contain only 666 compounds, and screening revealed that only two sublibraries were active (those that omitted Gly, Lys, and Ser methyl esters, and Leu free acid) at essentially the same concentrations as the initially active library. The implication was that these components were not essential. The other two sublibraries (those that omitted Asp (␣) methyl ester, Phe and Pro free acids, and Tyr methyl ester) were inactive.
With four building blocks only 136 combinations are possible, and because two or more building blocks were important, 4 of the 136 possibilities could be excluded (those presenting the same building block at all four positions), leaving 132 different compounds. At this point assumptions were made to reduce the remaining possibilities and minimize synthesis. The first one-admittedly, no more than a guess-was that no single building block occupied three out of the four positions. The validity of the assumption would soon be put to the test, and, if failure appeared, the problem could be revisited and quickly corrected. This eliminated a large number-at 48 structures, more than a third-leaving 84 possibilities. The Scheme 4. Synthesis of a tetraurea using the deconvolution protocol. Gel-shift assays of combinatorial libraries and unique compounds resolved by deconvolution. Procedures followed were as described (24) . Reactions were made up in 10-l volumes and contained either recombinant SpP3A2 (22) or SpZ12-1 (23) transcription factors (which earlier had been isolated and cloned from sea urchin embryo nuclear extract); an aliquot of the combinatorial library being tested; poly(dA͞dT) or poly(dT͞dC); double-stranded [ 32 P]oligonucleotide probes labeled by the kinase reaction, which contained target sites for the appropriate transcription factor; and binding buffer (see refs. 22-24 for details). Arrows indicate transcription factor-DNA complexes; arrowheads indicate free probe. (A) Initial library assay. Only the activity of the positive one out of the five libraries is illustrated here (see Table 1 activity was not due to any of these 56 compounds, those that were excluded by the above assumptions would then be synthesized. Happily, two of these sublibraries retained the previous activity; an estimate for the activity could be made at micromolar concentrations. All of the 19 possibilities are listed in Scheme 5. In short, those compounds that featured a combination of Phe and͞or Asp derivatives at the 4,5 positions with Pro and͞or Tyr derivatives at the 2,7 positions or those that contained Phe and͞or Pro at the 4,5 positions and Asp and͞or Tyr derivatives at the 2,7 positions were identified as being responsible for the activity. One structure is common to both active mixtures (compound 11), and it indeed was one of the most active molecules in the assay, but all of the other compounds were accessed by synthesis.
The six sublibraries were obtained by reacting 6 with two components, then separating the three disubstituted derivatives at the 4 and 5 positions (two symmetrical and one unsymmetrical), and then reacting the pure compounds with the other two building blocks at the 2,7 positions. This resulted in mixtures of three or four compounds or six sets of sublibraries (mixtures 1A-1C and 2A-2C, Scheme 5). The screening of these six revealed that the two sets of four tetraureas (1B and 2B), as well as two sets of three (1C and 2C), were inactive. Activity was found in two groups (mixtures 1A and 2A, Scheme 5) containing Phe at both the 4 and 5 positions. Synthesis and isolation of pure compounds according to the methods described in Scheme 3, followed by a final round of screening, indicated that two compounds (Fig. 5) were active in the 5-to 10-M concentration range-11 and the slightly more active 12.
DISCUSSION
The most likely mode for binding given the nonsequence specificity was intercalation between the DNA base pairs. The structures of the two active compounds were consistent with this hypothesis. The core itself could intercalate, and both of the actives contained aromatic Phe residues at the 4 and 5 positions. In fact, 11 contained four building blocks capable of intercalation. In addition, two families of intercalators are known that have skeletons resembling xanthene (acridines and actinomycins) (26) . Studies of these systems indicated that seemingly small structural changes can lead to large differences in potency (27) that are similar to observations made here. In the case of xanthene tetraureas the most active compound 12 is, like DNA, negatively charged under the assay conditions. The selection process that identified two active compounds from a pool of approximately 10,000 required only 15 assays and is therefore one of the most efficient procedures in that regard.
That only two residues ended up being essential was surprising but was consistent with the screening results of the initial large libraries, because none of the inactive 2,080-component libraries contained Phe with Tyr methyl ester or Asp methyl ester. Although assumptions were made during the deconvolution, the activity remained roughly consistent throughout the process.
In conclusion, approximately statistical ensembles of tetraureas were synthesized in solution by reacting the isolated tetraisocyanate of xanthene with a number of amine building blocks. A successful synthetic protocol was devised to allow access to individual library components. The tetraureas were tailored to produce compounds that were likely to interact with biomolecules, and activity was found in an assay measuring binding of DNA to two transcription factors. Although the net result of our screening and deconvolution efforts was the discovery of two DNA intercalators, rather than more novel transcription factor binders, our efforts nevertheless demonstrated the use of a synthetic and numerical deconvolution strategy to identify single, active components in a library of more than 2,000 tetraureas.
